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Conjugation, the process of genetic transfer requiring cell to 
cell contact, has been the focus of many investigations. Recently, the 
molecular aspect of this process has been questioned. The relationship 
of R64drd 1 1 plasmid DNA to the folded chromosomal complex (FCC, chromo¬ 
some plus membrane) during conjugal replication was investigated. In 
order to examine conjugal events that occur in the donor cell, donor 
cells were used that contained the dnaB mutation and were incapable of 
DNA replication at the restricted temperature of 42 C. The recipient 
cells used, containing the danB70 and tdk mutations, were incapable of 
incorporating exogenously supplied thymine or thymidine due to the lack 
of deoxythymidine kinase activity. Use of this system allowed specific 
labeling of the replicating R64drd11 plasmid DNA. 
Donor cells examined during exponential growth and conjugal trans¬ 
fer revealed that replicating R64drd11 plasmid DNA intermediates 
in 
co-sediment with the FCC, and the membrane appears to be the preferen¬ 
tial intracellular site for replication. Neutral sucrose isopycnic 
gradient analysis indicated that pulse-labeled R64drd 1 1 plasmid DNA in¬ 
termediates associated with both the cytoplasmic (inner) and outer mem¬ 
branes during the conjugal process. The percent pulse-label R64drd11 
found co-sedimenting with the outer and inner membranes ranged from 12- 
17%. 
The kinetics of conjugal transfer, examined by alkaline sucrose 
gradients, revealed that in the donor cell conjugally replicating inter¬ 
mediates of R64drd 11 plasmid DNA were shorter than unit length progress¬ 
ing to longer and/or heavier than unit length and, with time, were con¬ 
verted to unit length. Cesium chloride (CsCl)-dye buoyant gradient 
analyses suggest that covalently closed circular (CCC) molecules reap¬ 
pear some 30 min after initiation of the conjugal process. 
The results of this study strongly imply that replication of 
R64drd 1 1 plasmid DNA requires membrane attachemnt and perhaps represents 
a modified version of the rolling circle model. Additionally, the data 
suggest that the origin of transfer replication begins at the outer mem¬ 
brane attachment site. 
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Bacterial conjugation was described by Lederberg and Tatum (1946) 
as a process by which genetic material is transferred from one bacterium 
to another, requiring cellular contact. Curtiss (1969) conveniently 
divided this process into five stages: (a) Specific pair formation; (b) 
effective pair formation; (c) chromosome (or conjugal fertility factor) 
mobilization; (d) chromosome or conjugal fertility factor transfer; (e) 
genetic recombination. Placing emphasis on specific pair formation 
(i.e., cell to cell interaction during conjugation), Achtman (1975), 
Achtman and Skurray (1977) and Achtman et al. (1978 a,b) reported that 
upon initiation of the conjugal process, mating pairs as well as aggre¬ 
gates are formed. 
The most convincing evidence for the molecular aspect of conju¬ 
gation resulted from studies of autonomous plasmid transfer and replica¬ 
tion. Fenwick and Curtiss (1973a) reported that it is a unique strand 
of the donor cell deoxyribonucleic acid (DNA) that is transferred, and 
the 5' end of the molecule enters the recipient first. Furthermore, it 
was demonstrated by Vapnek and Rupp (1970) that the complement of the 
transferred strand remains in the donor cell and is replaced by de_ novo 
synthesis. 
The data obtained by Jacob et al. (1963), on the mode of DNA repli¬ 
cation in bacterial cells, suggest that the bacterial chromosome is 
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attached to the bacterial cell membrane and that this attachment is in¬ 
volved in the regulation of DNA synthesis and segregation of the chromo¬ 
some to the daughter cell. 
Plasmid co-sedimentation with the folded chromosome during expo¬ 
nential growth has been shown for a variety of plasmid DNA's in Escheri¬ 
chia coli (E_. coli) by Kline et al. (1976) and for R6K plasmid DNA by 
Sheehy et al. (1977). Recently, Wolf-Watz and Horqvist (1979) demonstra¬ 
ted that 0.4% of chromosomal DNA is bound to the outer membrane (0M), 
and that this binding between membrane and DNA is specific, involving a 
membrane protein having a molecular weight of 31,000 daltons. 
In view of the numerous reports regarding plasmid DNA association 
with the folded chromosomal complex (FCC, chromosome plus membrane), and 
the reports of specific chromosomal binding to the membrane, this inves¬ 
tigation focused upon the relationship between R64drd11 plasmid DNA and 
its replication template in donor cells of E. coli K-12 during the con¬ 
jugal process. A donor system was employed that allowed specific exami¬ 
nation of only those events occurring in the donor cell. Donor cells 
containing the dnaB mutation, and incapable of DNA replication at the 
restricted temperature of 42 C, were used. The recipient cells used, 
containing the dnaB70 and tdk mutations, were incapable of incorporating 
exogenously supplied thymine or thymidine due to a lack of deoxythymidine 
kinase activity. However, upon the establishment of specific pairs and/ 
or aggregates, the donor cells were capable of conjugal replication at 
the restricted temperature. 
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The purpose of this investigation was to answer the following 
questions : 
(1) Is there association (co-sedimentation) of R64drd I 1 plasmid 
DNA to the FCC during exponential growth and conjugal trans¬ 
fer? 
(2) If so, to which structure (chromosome and/or membrane) is 
R64drd 1 1 plasmid DNA associated? 
(3) Is the association specific? 
The data obtained suggest that R64drd 1 1 plasmid DNA is associated 
with the FCC during exponential growth and conjugal transfer. This as¬ 
sociation appears to be membrane oriented, showing specificity for the 
outer membrane during exponential growth with an attachment to the outer 
and inner membrane during the conjugal process. These determinations 
will, at least for the conjugal process, unfold a provisional model and 
provide a better understanding of the relationship between plasmid DNA, 
with regards to replication, maintenance, segregation and/or circulari¬ 
zation. 
CHAPTER II 
REVIEW OF LITERATURE 
Bacterial conjugation was described by Lederberg and Tatum (1946) 
as a process in which transfer of genetic material from one bacterium to 
another is dependent upon cellular contact. The capacity of a cell to 
be a donor is determined by the presence of a conjugative plasmid such 
as a fertility factor (F), resistance factor (R), or transferable coli- 
cin factor (Col). During conjugation, a single strand of donor cell 
deoxyribonucleic acid (DNA) is passed to the recipient cell, de Haan 
and Gross (1962) proposed that conjugation occurred in two successive 
stages: That of 'specific pair formation' in which donor and recipient 
cells encounter each other, followed by that of 'effective contact for¬ 
mation' in which DNA transfer is stimulated. However, the process of 
bacterial conjugation has been conveniently divided into five stages 
(Curtiss, 1969): (1) Specific pair formation, defined as the formation 
of donor : recipient cell unions; (2) effective pair formation, defined 
as the establishment of a cellular connection between donor and recipient 
cells; (3) chromosome (or conjugal fertility factor) mobilization, de¬ 
fined as the preparation of the circular donor chromosome for lineal se¬ 
quential transfer; (4) transfer of the donor chromosome or conjugal 
fertility factor; (5) integration of parts of the transferred donor 
chromosome to produce genetic recombinants. 
Conjugation is often assumed to occur exclusively between "mating 
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pairs", although early observations (Anderson, 1958; Lederberg, 1956) 
reported the existence of larger clumps of cells during DNA transfer. 
More recently, conjugating bacteria were found to be in aggregates con¬ 
taining between 2 and 20 cells (Achtman, 1975). The term, "mating aggre¬ 
gates", was proposed to include both pairs and larger aggregates 
(Achtman, 1975). It is unclear whether the cells found in larger aggre¬ 
gates are in groups of pairs or promote multiparental transfer events. 
It has been reported that one donor cell could transfer DNA to two or 
more recipient cells simultaneously (Ou and Anderson, 1970) and that at 
low efficiency, two donor cells could transfer DNA simultaneously to one 
recipient cell (Fischer-Fantuzzi and DiGirolamo, 1961). The frequency 
of multiple interactions relative to single interactions has not been 
clearly defined. 
The rolling circle model of DNA replication, as proposed by 
Gilbert and Dressier (1968), has been invoked rather consistently to de¬ 
scribe conjugal DNA replication and transfer. In this replication hypo¬ 
thesis, it was suggested that an initiator protein makes a single-strand 
nick in a covalently closed circular (CCC) plasmid molecule, converting 
it to the open circular (OC) form. The broken strand so produced can 
then be transferred with its 5' terminus as the leading extremity. The 
3' hydroxyl (OH) terminus of the broken strand remains hydrogen bonded 
to the intact circular DNA strand and acts to prime the continuous syn¬ 
thesis of a DNA strand to replace the one being transferred. The authors 
proposed that this mechanism permits the continuous transfer of a unique 
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single strand of plasmid DNA to the recipient such that most recipients 
receive a length of DNA in excess of the monomeric length of a single 
strand of plasmid DNA. Transfer of this terminally redundant DNA would 
thus ensure that the recipient, after converting this DNA to the double- 
stranded state, could reform the monomeric circular plasmid DNA molecule 
without loss of genetic information. In its simplest form, this rolling 
circle model requires in the donor cell an initiator protein with nick¬ 
ing activity, a DNA polymerase, and a DNA ligase to close the single¬ 
strand gap upon termination of transfer. 
The most convincing evidence for the molecular aspect of conju¬ 
gation resulted from studies of autonomous plasmid transfer and repli¬ 
cation. Vapnek and Rupp (1970, 1971) showed that the untransferred 
strand of the F-plasmid was conserved in the donor and replicated to re¬ 
form a complete F-plasmid molecule. The authors reported that the newly 
synthesized strand was identical to the strand transferred to the re¬ 
cipient cell. 
Falkow et al. (1971) examined the replication of R plasmid DNA 
within the recipient. The evidence reported, based upon following the 
time course of R-factor appearance after conjugation, indicated that 
strand lengths after 15 min of conjugation were comparable to unit length 
and with time were converted to circular R-factor DNA. The authors in¬ 
dicated that the strand being transferred became associated with a cell¬ 
ular structure, namely, the membrane. As a result of this study, the 
authors suggested that: (1) Linear double-stranded molecules were 
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synthesized on the bacterial membrane after transfer of DNA from the 
donor cell; (2) the molecule then circularized and one strand was sealed; 
(3) a significant proportion of the open circular molecules was released 
from the membrane into the cytoplasm, where they were completely cova¬ 
lently sealed to form a twisted supercoil. 
Fenwick and Curtiss (1973a), examining conjugal transfer in donor 
cells, proposed that covalently closed circular DNA attaches to the cell 
membrane, whereupon it is converted to the open circular form. The 
authors suggested that by means of a modified rolling circle model of 
replication, as proposed by Cairns (1963), and upon the initiation of 
the conjugal process, replication occurs on a linear duplex plasmid mole¬ 
cule attached to the donor membrane. The authors did not attempt to ex¬ 
plain replication as it occurs in the recipient cell, but suggested that 
membrane association probably occurs. 
Warren et al. (1978) proposed a model for ColEl mobilization 
that is analogous to one proposed for the synthesis of viral DNA strands 
of bacteriophage 174 (Eisenberg et al., 1977). They suggested that 
DNA transfer is initiated by specific relaxation of the ColEl molecule 
at its nick site, followed by oriented transfer of the nicked strand to 
a recipient bacterium and its concomitant replacement by rolling-circle 
type replication. A second nicking event at the ColEl nick site releases 
the transferred strand from the rolling circle as a unit length molecule, 
which recircularizes in the recipient. This single-strand circular DNA 
molecule is converted to the double-stranded form by the synthesis of a 
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complementary strand (CS). 
Nordheim et al. (1980) suggested a modification of the model of 
Warren et al. (1978) in which CS synthesis in the conjugative plasmid 
R6K, and non-conjugative, mobilizable plasmids is primed by DNA synthe¬ 
sis events initiated at their vegetative origins. They suggested that 
a donor-specific DNA synthesis reaction, initiated at the origin of 
vegatative (oriV) nick site and terminated near the origin of transfer 
(oriT) nick site, provides a primer that is base paired to the 5' end 
of the DNA strand which is transferred to recipient bacteria. After 
recircularization of the transferred strand, complementary strand syn¬ 
thesis proceeds by extension of the 3* end of the co-transferred CS 
primer. 
In the absence of any direct data on DNA transport across cell 
membranes during conjugation, speculation has been considered relative 
to possible mechanisms. Regardless of the transfer model invoked, the 
DNA must at least pass across the inner cytoplasmic membrane and this 
membrane, normally a barrier to the entry of most molecules, must some¬ 
how change to accommodate the transferred DNA. 
Information on DNA transport across the cell membrane in other 
systems may be relevant to conjugation. For pneumococcal transformation, 
DNA entry is dependent on the conversion of double-stranded to single- 
stranded DNA (Lacks and Greenberg, 1976) through intermediates with 
single- then double-stranded breaks. Mutants of Diplococcus pneumoniae 
that lack membrane localized endonuclease, bind DNA but do not allow 
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its entry (Lacks and Neuberger, 1975). Similar, but less well defined 
mechanisms may operate with Bacillus subtilis (Davidoff-Abelson and 
Dubnau, 1973 and Haemophilus influenzae (Sedqwick and Setlow, 1976). 
Conjugation may involve single-strand DNA transfer for similar reasons. 
However, the question still remains: How is the transferred DNA pro¬ 
tected from nucleolytic attack? Lacks and Greenberg (1976) suggested 
that a nuclease in D. pneumoniae not only nicks the DNA, but also acts 
as a 'leader' molecule by binding to breaks in the 5'-ended strands. 
These bound strands are postulated to enter the cell via a multimeric 
protein channel that spans the membrane while another nuclease progres¬ 
sively degrades the opposite strand. The 'pilot protein', hypothesized 
by Kornberg (1974) to account for the multi-functional protein involved 
in the absorption, pentration and early multiplication and expression 
stages of viral infection, may be similar 
Jacob et al. (1963) suggested that the bacterial chromosome is 
attached to the bacterial cell membrane and that this attachment is in¬ 
volved in the regulation of DNA synthesis and the segregation of chromo 
somes to the daughter cell. The replicon model of Jacob et al. (1963) 
stimulated a search for associations between the bacterial chromosome 
and the cell membrane, a view indirectly supported by observations that 
the replication origin, terminus, and fork are membrane-associated in 
vitro (Leibowitz and Schaechter, 1975). Since chromosomes associated 
with large fragments of the cell envelope can be isolated (Kornberg et 
al., 1974; Pettijohn et al., 1973; Worcel and Burgi, 1974; Worcel et al 
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1973), both packaging and membrane association can be studied in a sin¬ 
gle system. Although the accumulated evidence for DNA-membrane associa¬ 
tion was quite compelling, recently data have been presented which 
demonstrate a chemical interaction between the DNA and a specific mem¬ 
brane component (Wolf-Watz and Horqvist, 1979). 
Kline et al. (1976) have shown that a variety of plasmid DNA's in 
E_. coli associate with the folded chromosome. Plasmid co-sedimentation 
with bacterial chromosome has been confirmed for R6K plasmid DNA in E_. 
coli by Sheehy et al. (1977) and for HR1 in Proteus mirabilis by 
Taichman and Rownd (1977). 
Although most models that describe the control of bacterial repli¬ 
cation and cell division proposed the attachment of the chromosomal DNA 
to the membrane, the nature of the bonds and the structures involved in 
this attachment are completely unknown. Morphological studies with the 
electron microscope have shown associations of the chromosome with the 
bacterial cell surface or with the intracellular mesosomes of gram¬ 
positive bacteria (Ryter, 1968). However, this methodology was not 
adequate to define the association. Membrane-DNA complexes have been 
isolated from bacterial lysates by density gradient centrifugation, a 
procedure which enriches for rapidly sedimenting complexes (RSC) con¬ 
taining DNA in association with some large cellular membranous structure 
(Klein and Bonhoeffer, 1972). Membrane-DNA complexes have also been 
isolated by their affinity for magnesium-sarkosyl crystals (Earhert et 
al., 1968; Tremblay et al., 1969). Some information has been obtained 
from experiments of these types about the specificity of the attached 
membrane-bound DNA. For example, in E. coli and Bacillus subtilis, the 
chromosomal origin (Fielding and Fox, 1970; Sueoka and Hammers, 1974) 
and the active replicating site (Hanawalt and Ray, 1964; Smith and 
Hanawalt, 1967), as well as many viral DNA's (Siegel and Schaechter, 
1973) have been found to be associated with membrane complexes, however, 
cell lysis and membrane isolation procedures used in other studies have 
not been specific enough to allow further analysis of the DNA-membrane 
complex. 
In the last few years, methods have been developed for the iso¬ 
lation and characterization of both the cell envelope and the bacterial 
chromosome. The envelope of gram-negative bacteria has been purified 
by differential centrifugation of sonicated spheroplast and shown to 
contain three layers -a cytoplasmic or inner membrane, a murein layer 
or cell wall, and an outer membrane (Osborn, 1969; Freer and Salton, 
1971; Machtiger and Fox, 1973). Similarly, the bacterial DNA has been 
isolated, by gentle lysis of E_. coli followed by sucrose gradient cen¬ 
trifugation, in a folded and supercoiled conformation attached to mem¬ 
brane fragments (Stonington and Pettijohn, 1971; Worcel and Burgi, 1972, 
1974; Pettijohn et al., 1973). 
In E_. coli, data have been presented which indicated that both the 
chromosomal origin and the chromosomal replication points are associated 
with a membrane-like structure (Abe et al., 1977; Fielding and Fox, 1970 
Lundqvist-Parker and Glaser, 1974, 1975; Nicolaides and Holland, 1978). 
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Different techniques have been used to isolate the DNA-membrane complex 
of E_. coli (Dworsky and Schaechter, 1973; Gomez-Eichelmann and 
Blastarrachae, 1975; Heidrich and Olsen, 1975; Stonington and Pettijohn, 
1971). Such complexes contain both cytoplasmic and outer membrane com¬ 
ponents (Heidrich and Olsen, 1975: Nicolaides and Holland, 1978; Olsen 
et al., 1974; Portailer and Worcel, 1975). A role for the outer mem¬ 
brane in DNA replication has been proposed on the basis of one study 
which indicated that the origin of chromosomal replication is associated 
with the outer membrane (Nicolaides and Holland, 1978). Recent experi¬ 
ments indicate that specific binding of the chromosome origin to the 
membrane is mediated by a protein (Craine and Rupert, 1978) and that this 
binding of DNA to the cell envelope is rapidly disrupted in vivo by 
rifampin and chloramphenicol treatment (Craine and Rupert, 1979). The 
effects of different antibiotics on the shape, size and attachment of 
nuclear bodies to the membrane in E_. coli has been studied to gain fur¬ 
ther information about DNA and membranes. Antibiotics such as chloram¬ 
phenicol and rifampin cause a condensation of the nucleus to the center 
of the cell and a concomitant release of DNA from the membrane (Dworsky, 
1974; Dworsky and Schaechter, 1973; Morgan et al., 1967; Zusman et al., 
1973) . 
CHAPTER III 
MATERIALS AND METHODS 
Bacterial Strains 
The bacterial strains used in this study were RS107 (obtained 
from R. Curtiss) and RS129 (obtained from B. Wilkins). RS107 (donor) 
contains the I-like plasmid R64drd 11 (molecular weight 76x10^ daltons) 
which confers resistance to tetracycline (Tc ) and streptomycin (Sm ) 
and contains the dnaB (temperature sensitive) mutation. RS129 (reci¬ 
pient) contains the dnaB70 mutation, and also carries the tdk (deoxythy- 
midine kinase) mutation which prevents incorporation of exogenously sup¬ 
plied thymine or thymidine. 
Medium 
The synthetic medium used was a minimal salts solution (Curtiss, 
1965) supplemented with Casamino Acids (20%) and glucose (40%). Tetra¬ 
cycline (25 pig/ml) and streptomycin (50 yg/ml) were included in the me¬ 
dium when plasmid positive strains were selected. 
Label Incorporation 
Cultures of RS107 and RS129 that had grown overnight at the permis¬ 
sive temperature (32 C) were inoculated into fresh media and incubated 
in a shaker water bath at 32 C. Each culture was allowed to grow for 
approximately 45 min before the addition of deoxyadenosine (200 yg/ml) 
and tritiated-deoxythymidine ([3H]-dThd, 2-3 yCi/ml). Samples (50À) 
were removed from each culture at 15 min intervals, immediately absorbed 
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onto filter disks, immersed in two changes of cold 10% trichloroacetic 
acid (TCA) and two changes of 95% ethanol (ETOH) for 10 to 15 min each 
before being dried. After 75 min of sampling at 32 C, both cultures were 
divided so that one half of each was shifted to the restrictive tempera¬ 
ture (42 C) in a stationary water bath, and sampling continued. Donor 
cells, initially placed at the restrictive temperature, were also ex¬ 
amined for label incorporation. Each sample filter disk was placed in 
a 1-dram vial with approximately 3 ml of toluene-PPO (2,5-Diphenyl-1,3- 
Oxazole) and counted in a Beckman LS-250 scintillation spectrometer. 
Preparation of Donor Cells 
Donor cells, grown overnight at 32 C, were diluted 1:100 in fresh 
growth medium and incubated in a shaker water bath at 32 C. All donor 
cell DNA was pre-labeled before mating by the addition of deoxyadenosine 
(200 yg/ml) and (140}-deoxythymidine ([14C}-dThd, 3 yCi/ml) at an opti- 
g 
cal density of 0.10 at 620 nm (approximately 1.0x10 cells/ml). When 
g 
an optical density of 0.25 at 620 nm (approximately 2.5x10 cells/ml) 
was reached, the donor cells were removed from the shaker water bath 
and placed in a 32 C incubator, without shaking for pili reformation 
(10 to 20 min). 
Preparation of Recipient Cells 
Cultures of RS129, grown overnight at 32 C, were diluted 1:100 in 
fresh medium and incubated in a shaker water bath at 32 C. When an op- 
g 
tical density of 0.25 at 620 nm (approximately 2.5x10 cells/ml) was 
reached, the recipient cells were pelleted by centrifugation (35 C) at 
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10,000 rpm for 10 min, and resuspended in one third the original volume 
of pre-warmed fresh medium. 
Mating Procedures 
Donor and recipient cells were placed separately in a stationary 
water bath (42 C) 20 min before the mating process was initiated. De- 
oxyadenosine (200 yg/ml) and [3H]-dThd (30 yCi/ml, the pulse label) were 
added to the donor cells just prior to initiating the mating process. 
Equal volumes of donor and recipient cells were mixed in a 125 ml micro- 
Fernbach mating flask and samples taken at various timed intervals. 
After pulse-labeling for 10 min, nonradioactive thymidine (1000-fold ex¬ 
cess) was added to the mating mixture to prevent further incorporation 
of radioactively labeled deoxythymidine. To rapidly inhibit metabolic 
activity, mating samples were immediately poured over crushed, supple¬ 
mented synthetic medium containing potassium cyanide (KCN, final con¬ 
centration 20 mM) and 5% glucose. Mated cells were pelleted by centri¬ 
fugation (5 C) at 10,000 rpm for 10 min and resuspended in one tenth 
the original volume of cold buffer containing 0.2M KCN, 0.5M NaCl, 0.1M 
ethylene-diaminetetraacetic acid (EDTA) and 0.0.M Tris (hydroxymethyl) 
aminomethane (Tris-HCl), made up in 5% sucrose at pH 8.0. 
Analysis of Plasmid DNA 
Plasmid DNA from exponentially grown cells was analyzed essential¬ 
ly by the procedures described by Sheehy et al. (1978) for the "cleared 
lysate on sucrose" (CLOS) gradients. Modifications were made as follows 
for mating samples: A 0.6 ml aliquot of pre-labeled and/or pulse-labeled 
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concentrated cell suspension was mixed with a stock solution of lysozyme 
(30 mg/ml) freshly prepared in 0.1M EDTA, 0.01M Tris-HCl, and 0.5M NaCl, 
pH 8.0. Cell-lysozyme mixtures (0.2 ml) were immediately layered on to 
a 4.7 ml neutral CLOS gradient maintained at 5 C, containing a bottom 
shelf of saturated CsCl (0.2 ml) in 60% sucrose and a top layer of deter¬ 
gent (0.2 ml, 4% Brij-58) made up in 5% sucrose. The gradients were 
left undisturbed at 5 C for 12 min to allow for spheroplast formation 
in the top layer. Immediately thereafter, the gradients were centrifuged 
40,000 rpm for 90 min (5 C) or 16,000 rpm for 7 min (5 C) in a Spinco 
SW41 (11 ml capacity) or Spinco SW50.1 (5 ml capacity) swinging bucket 
rotor. All centrifugations described in this study were performed us¬ 
ing Beckman LS-50 or LS-65 ultracentrifuges, unless otherwise stated. 
The gradients were collected from the bottom with the aid of a gradient 
fractionator (Buchler Instruments) connected to a polystaltic pump. At 
the end of a run, 15-drop fractions were collected from 11 ml gradients, 
and 10-drop fractions were collected from 5 ml gradients. These frac¬ 
tions were dripped directly onto Whatman No. 17 filter paper which had 
been previously cut into strips 60 mm long and 1.2 mm wide divided into 
4 mm segments per fraction (Carrier and Setlow, 1971), or into plastic 
disposo trays. Strips were washed by passing through 5 and 10% TCA, 95% 
ethanol and acetone (10 min each) before being dried, placed into vials 
and counted. Samples that were collected in trays were spotted onto 
precut strips (25 or 50 X aliquot/fraction) and handled in the same man¬ 
ner as described above. 
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Cesium Chloride-Sucrose (CsCl-suc) Double Density Gradient Analysis 
3 
The procedure for separating free DNA (1.71 g/cm ) from membrane- 
3 3 
bound DNA (1.35 g/cm ) from free membrane (1.24 g/cm ), based upon their 
density differences, was the same as described by Sueoka and Hammers 
(1974). Pooled fractions of pulse-labeled plasmid DNA obtained from 
preparative CLOS gradients were vortexed vigorously for 60 sec divided 
into a 30 sec interval of non-vortexing. Cultures were placed on ice 
during the non-vortexing period. A 0.5 ml aliquot was gently layered 
on top of each 10 to 20% CsCl-sucrose gradient (10.5 ml). The gradients 
were centrifuged at 38,000 rpm for 16 hr (5 C) in a Spinco SW41 rotor. 
At the end of a run, the bottom of each gradient tube was punctured and 
fractionated (15 drops/fraction) onto paper strips or into plastic dis- 
poso trays and treated as previously described for determining region(s) 
of peak radioactivity. 
Neutral Sucrose Isopycnic (Step) Gradient Analysis 
The separation of outer membrane (OM) from cytoplasmic (inner) 
membrane was performed essentially by the method of Osborn et al. (1972), 
with the following modifications: Pooled fractions of pulse-labeled 
plasmid DNA, obtained from preparative CLOS gradients or CsCl-sucrose 
gradients, were dialyzed overnight in phosphate buffer (confining 0.05M 
sodium phosphate and 0.005M EDTA, pH 7.5) to remove any salt (NaCl or 
CsCL). Immediately thereafter the samples were vortexed vigorously for 
60 sec with 30 sec intervals of non-vortexing, followed by the layering 
of a 1.0 ml aliquot on top of a step neutral sucrose gradient. Step 
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gradients were prepared by layering 1.8 ml each of 50, 45, 40, 35, and 
30% sucrose solution (w/w) over a shelf (0.5 ml) of 60% sucrose. All 
sucrose solutions contained 5 mM EDTA, pH 7.5. Sucrose density gradient 
centrifugation was carried out in a Spinco SW41 rotor at 38,000 rpm for 
16 hr (5 C). At the end of a run, the bottom of each gradient tube was 
punctured and fractionated (15 drops/fraction) onto paper strips or in¬ 
to disposo trays and handled as previously described. 
Alkaline Sucrose Gradient Analysis 
The kinds of plasmid molecules generated during conjugation at 
various time periods (i.e., unit length (UL), shorter than UL, or long¬ 
er than UL) were determined by sedimentation through 5 to 20% alkaline 
sucrose gradients. The gradients were calibrated with R64drd11 plasmid 
DNA (monomeric form) as sedimentation markers. Pooled fractions of 
pulse-labeled plasmid DNA, obtained from preparative CLOS gradients, 
were denatured by three-fold dilution with 0.8M NaOH. Calf thymus DNA 
(100 pg/ml) was added to each gradient to minimize the amount of experi¬ 
mental DNA sticking to the wall of the gradient tube. A sample of this 
suspension (0.5 ml) was gently layered on top of an alkaline sucrose 
gradient (4.5 ml). Gradients were centrifuged at 35,000 rpm for 100 min 
(20 C) in a Spinco SW50.1 rotor. At the end of a run the gradients were 
fractionated from the bottom (5 drops/fraction) onto paper strips or in¬ 
to disposo trays. Precut paper strips and samples collected in trays 
were handled in the same manner as described for the CLOS gradients. 
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Cesium Chloride-Ethidium Bromide (CsCl-EtBr) Buoyant Density 
Gradient Analysis 
The separation of covalently closed circles (CCC) from open cir¬ 
cles (OC, nicked in one strand) or linear DNA, the bulk of which is 
chromosomal DNA, were estimated by sedimentation through CsCl-EtBr gra¬ 
dients. The procedure followed was as described by Sheehy and Novick 
(1975). Pooled fractions of plasmid DNA obtained from preparative CLOS 
gradients or CsCl-sucrose gradients were diluted in phosphate buffer 
containing 0.05M sodium phosphate and 0.005M EDTA (pH 7.5) and mixed 
with a saturated CsCl stock solution. To the DNA-DsCl mixture was add¬ 
ed 0.1 ml of concentrated EtBr (10 mg/ml). The gradients were centri¬ 
fuged at 42,000 rpm for 36 hr (20 C) in a Spinco 50-Ti fixed angle ro¬ 
tor. At the end of a run, the bottom of each gradient tube was punc¬ 
tured and fractionated (7 drops/fraction) onto paper strips or into 
disposo trays and handled as indicated previously. 
Formulas Used 
In order to determine the number of copies of R64drd11 plasmid 
molecules per chromosome equivalent per cell, the following formula was 
used : 
Number of copies 
S/C x M.W. of E. coli chromosome 
M.W. of R64drd11 
where; S = the number of counts per min (cpm) in the satelite (plasmid) 
region of the gradient, and C = the number of cpm in the chromosome 
(FCC) region of the gradient. 
Total percent recovery was determined by the following formula: 
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„ ^ , or Total cpm recovered from the gradient „ tnn 
Total cpm added to the gradient 
The total percent of pulse-labeled counts recovered from each gradient 
was a follows: (1) CLOS gradient, 90-100%; (2) CsCl-sucrose double den¬ 
sity gradient, 75-80%; (3) neutral sucrose isopycnic gradient, 85-90%; 
(4) alkaline sucrose gradient, 65-73%; (5) CsCl-EtBr buoyant density 
gradient, 75-80%. 
The percent recovery and distribution of pulse-labeled plasmid 
DNA from each gradient was determined by the following formula: 
% Distribution = 
Total number of cpm per peak  





Donor and recipient cells were examined for the ability to incor¬ 
porate [3H]-dThd in order to determine whether the relevant genotypes 
were functional for each cell type. Each cell type was cultured at the 
permissive temperature (32 C) and then shifted to the restrictive tem¬ 
perature (42 C). Figure 1 indicates that donor cells incorporated 
labeled deoxythymidine continuously at the permissive temperature, but 
when shifted to the restrictive temperature, there was an immediate ces¬ 
sation of incorporation indicating a cessation of DNA replication. Do¬ 
nor cells grown initially at the restrictive temperature showed little 
incorporation, again indicating the presence and expression of the dnaB 
mutation. Negligible label incorporation was detected for the recipient 
cells due to the tdk and dnaB70 mutation. 
Plasmid Co-Sedimentation with FCC During Exponential Growth 
Donor cells radioactively labeled with [3H]-dThd were examined for 
plasmid association (co-sedimentation) with the folded chromosomal com¬ 
plex (FCC, chromosome plus membrane) by CLOS gradient analysis. Figure 
2 illustrates a typical sedimentation profile for the separation of 
R64drd I 1 plasmid DNA from the FCC. One plasmid molecule per chromosome 
equivalent was estimated to be freely sedimenting at the slower rate (a). 
The faster sedimenting component represented FCC (b). In order to 
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Figure 1. Label incorporation analysis of donor and recipient cells. 
Exponentially growing cells were labeled with [3H]-dThd at 
32 C ( (3 = donor, □ = recipient) and 42 C ( ^ = donor, 
| = recipient). Arrow indicates the time at which the 





Figure 2. CLOS gradient analysis of donor cells labeled with [3H]-dThd. 
Centrifugations were performed in 5 ml gradients at 40,000 
rpm for 90 min at 5 C for the separation of plasmid DNA (a) 
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determine whether R64drd11 plasmid molecules co-sedimented with the FCC, 
pooled fractions obtained from CLOS gradients designed to isolate only 
the FCC were analyzed by CsCl-dye buoyant density gradients (Fig. 3A). 
The results indicated that covalently closed circular (CCC) molecules 
do co-sediment with this complex. Two plasmid copies per chromosome 
equivalent were estimated (see Materials and Methods) to associate with 
the FCC. Pooled fractions, representing the plasmid region of the CLOS 
gradient, when examined by density gradient centrifugation resulted in 
the separation of CCC molecules from open circular (OC) molecules (Fig. 
3B). The conversion rate from CCC to OC was approximately 50%. The 
presence of OC molecules was attributed to nicking of the CCC molecules 
by mechanical handling and/or dissociation of protein relaxation com¬ 
plexes in the high salt (CsCl) concentration. 
Plasmid Co-Sedimentation With FCC During Conjugation 
Donor cells were uniformly prelabeled with [^Cj-dThd. Prior to 
initiating the mating process, the donor cells were pulsed with [3H]-dThd. 
Mating samples were subjected to CLOS gradient analysis where centrifu¬ 
gation procedures allowed for plasmid separation from the FCC. Figure 
4 depicts a typical profile of pulse-labeled replicating plasmid DNA co¬ 
sedimenting with the FCC region of the gradients (60-70%). Since the 
majority of the plasmid molecules sedimented in the FCC region of the 
gradient, slow speed centrifugations (SS-CLOS) were performed for FCC 
isolation only (Fig. 5; Worcel and Burgi, 1974). The percent association 
of pulse-labeled conjugally replicating R64drd11 plasmid DNA recovered 
Figure 3. CsCl-EtBr dye buoyant density profile of plasmid and chromo¬ 
somal DNA pooled from CLOS gradients of RS107 cells. (A) 
represents the banding profile of FCC from fraction 'b' 
(Fig. 2); (B) represents the banding profile of plasmid DNA 
from fraction 'a' (Fig. 2). The heavy peak near the bottom 
of each gradient is covalently closed circular (CCC) DNA. 
Circular DNA with single-strand breaks or linear DNA bands 
in the lighter position closer to the top of the gradient. 
Centrifugations were performed at 42,000 rpm for 36 hr at 



































Figure 4. CLOS gradient sedimentation profile of pre- and pulse-labeled 
plasmid DNA. Donor cells pre-labeled with [14C]-dThd ( Q ), 
received 30 yCi per ml of [3H]-dThd ( ^ , pulse-label) be¬ 
fore the addition of recipients. Centrifugations were per¬ 
formed in 5 ml gradients at 40,000 rpm for 90 min at 5 C. 




























Figure 5. CLOS gradient sedimentation profile of pulse-labeled plasmid 
DNA associated with the FCC. Donor cells were pre-labeled 
with [ll*C]-dThd ( ^ ), followed by a pulse of [3H]-dThd 
( Q ) before addition of recipients. Centrifugations were 
performed at 16,000 rpm for 7 min at 5 C. Sedimentation in¬ 
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from SS-CLOS gradients was approximately 60-70% (Table 1). This associ¬ 
ation remained constant with time for all timed samples (3,5,10,30,60, 
and 120 min). Pulse counts (30-45%) were found separated from the FCC 
region of the gradient (Table 1). Fractions containing pulse counts 
which separated from the FCC were pooled and examined by CsCl-dye buo¬ 
yant density gradients for each mating sample (Table 2). The data ob¬ 
tained indicated the presence of CCC molecules (11-41%) which had either 
replicated free of association during the conjugal process or replica¬ 
ted molecules generated following the conjugal process. However, since 
the majority of the pulse-label counts could be found co-sedimenting 
with the pre-labeled FCC, a closer examination was made of this region. 
Cellular Localization of R64drdll Plasmid DNA 
Pooled fractions representing co-sedimenting pulse-label with the 
FCC region of CLOS gradients were examined to determine to which cellu¬ 
lar structure the association occurred. Double density equilibrium 
gradients of CsCl-sucrose were used as the experimental probe. Figure 
6 shows a typical sedimentation profile of only donor cell lysates 
grown in the presence of labeled glycerol and tritiated deoxythymidine 
for membrane and DNA identification, respectively. Donor cell lysates 
were layered on the gradients immediately after lysis (Fig. 6A) or fol¬ 
lowing a brief period of vigorous vortexing (Fig. 6B) to remove DNA dis¬ 
tal from the membrane attachment site. Data from non-vortexed lysates 
indicated that approximately 95% of the DNA remained in the membrane- 
3 
bound DNA region (1.35 g/cm ); whereas, upon vortexing, approximately 
29 
Table 1. Percent association of pulse-labeled counts with the FCC fol¬ 







] 3 70 30 
2 5 68 32 
3 10 68 32 
4 30 65 35 
5 60 55 45 
6 120 65 35 
3. 
See Materials and Methods, 
b 
Represents gradient region for FCC. 
c . ... 
Represents gradient region for short replicating plasmid fragments, co¬ 
valently closed circular (CCC) molecules, fragmented chromosomal DNA, 
and membrane. 
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Table 2. CsCl-EtBr density ultracentrifugation analysis of pulse-label- 









1 3 34 27 
2 5 31 35 
3 10 19 34 
4 30 1 1 61 
5 50 13 45 
6 120 4 1 31 
3 
See Materials and Methods. 
Figure 6. CsCl-sucrose double density gradient sedimentation profiles 
of donor cells labeled with [14Cj-glycerol ( ) and 
[3 * 5H]-dThd Non-vortexed (A) and vortexed (B) do¬ 
nor cell lysates show the separation of free DNA (a, density 
3 3 
1.71 g/cm ), from membrane-bound DNA (b, density 1.35 g/cm ), 
3 
from free membrane (c, density 1.24 g/cm ). Centrifugations 
were performed in 11 ml gradients at 38,000 rpm for 16 hr at 
5 C. Density increases from right to left. 
FRACTION NUMBER 
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5% of the DNA remained bound. Examination of non-vortexed mating sam¬ 
ple lysates (Table 3) revealed that 95% of the conjugally replicating 
3 
R64drd 1 1 plasmid molecules exhibited a density of 1.35 g/cm . These 
data were similar to those generated for donor cell lysates not subject¬ 
ed to mating conditions (Fig. 6A). However, data from vortexed mating 
sample lysates (Table 3) revealed that 80-90% of the pulse-labeled con¬ 
jugally replicating R64drd 1 1 plasmid molecules still banded in the mem¬ 
brane-bound DNA region and implied a tight association. The association 
appeared to decrease somewhat with time (60-120 min) as indicated by 
the reduction in percent pulse-labeled counts from 92 to 80%. Similar 
results were reported by Fenwick and Curtiss (1973b) which suggested 
that all plasmids capable of transfer undergo one round of transfer by 
15 to 20 min of mating and an average of two rounds by 30 min. The 
decrease in membrane-bound pulse-labeled DNA was accompanied by an in¬ 
crease in the percent pulse-labeled DNA in the free DNA region (1.71 
3 
g/cm ) of the gradients. These results suggest that during the mating 
process, membrane association plays a role in conjugal replication. 
Neutral Sucrose Isopycnic Gradient Analysis 
Pooled fractions of donor cell lysates and mating samples obtain¬ 
ed from CLOS gradients were dialyzed overnight and analyzed by neutral 
sucrose isopycnic density gradients in order to determine to which mem¬ 
brane (inner or outer) the association occurred. Figure 7 shows the 
density profile of non-vortexed (A) and vortexed (B) donor cell lysates 
labeled with [14C]-glycerol (membrane identificatiorj) and [3H]-dThd 




. . a 
Percent Distribution 
Free DNA Membrane-bound DNA Free membrane 
vb NVC V NV V NV 
1 3 4 8 86 88 10 4 
2 5 3 1 90 96 7 1 
3 10 4 1 91 98 5 1 
4 30 12 6 83 89 5 3 
5 60 5 2 92 97 3 1 
6 120 14 5 80 91 6 4 
£ 




Figure 7. Neutral sucrose isopycnic gradient sedimentation profile of 
donor cells labeled with [3H]-dThd ( Q ) and [1 **0] -glycerol 
( 0 ). Non-vortexed (A) and vortexed (B) donor cell ly¬ 
sates show the separation of outer membrane (a), from intact 
membrane (b), from inner membrane (c), from free DNA (d). 
Centrifugations were performed in 11 ml gradients at 38,000 





































(DNA identification). Non-vortexed donor lysates indicated that 12 and 
4% of the DNA remained with the inner and outer membranes, respectively 
Upon vortexing, approximately 8 and 6% of the DNA remained with the in¬ 
ner and outer membranes, respectively. Regions exhibiting peak radio¬ 
activity were pooled and examined by CsCl-dye buoyant density gradients 
to determine to which membrane(s) exponentially replicating R64drd11 
plasmid DNA associated. Analysis of non-vortexed and vortexed donor 
lysates (Table 4) indicated that CCC molecules associated with the in¬ 
ner and outer membranes during exponential growth. The majority of ex¬ 
ponentially replicating R64drd11 appeared in the open circular (OC) 
form (90%) for both membrane fractions whether or not they were subject 
ed to vortexing conditions. Examination of non-vortexed and vortexed 
mating samples (Table 5) revealed that pulse-labeled R64drd11 plasmid 
DNA associates with both the inner and outer membranes. The percent 
pulse-label counts complexing with the inner and outer membranes from 
vortexed samples remain constant with time (12-17%). Non-vortexed sam¬ 
ples exhibited pulse-label counts ranging from 9 to 23% for the outer 
membrane and 14 to 39% for the inner membrane. However, vortexed mat¬ 
ing sample lysates revealed that 40-60% of the pulse-labeled molecules 
banded in the free DNA region; whereas, in non-vortexed mating samples, 
the amount of free molecules increased slowly with time from 12 to 51%. 
Examination of the free DNA regions (shown in Table 5) by CsCl- 
dye buoyant density gradients revealed the appearance of CCC molecules 
(37%) 30 min following initiation of the conjugal process (Table 6). 
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Table 4. CsCl-EtBr density ultracentrifugation analysis of donor cell 
lysates pooled from neutral sucrose isopycnic gradients • 
Percent Distribution 
Strains Membrane CCC OC/Lin 
fraction vb NVC V NV 
RSI 07 Inner ] 1 91 93 
Intact 0.2 0.3 91 91 
Outer 7 9 89 90 
1024d Inner 
e 
- - - 
Intact - - - - 
Outer - - 90 92 
a 





d„ . . 
Recipient strain (C600, thr , leu , B1 , trpE ) used in place of RSI 29 
for the purpose of incorporating label in the absence of the tdk muta¬ 
tion, 
e 
No discernible sedimenting band (region of radioactivity). 
Table 5. Localization of pulse-labeled plasmid DNA analyzed by neutral sucrose isopycnic den¬ 
sity gradients. 













NV V NV V NV V NV 
1 3 14 23 12 15 16 39 48 12 
2 5 16 13 7 13 17 18 60 23 
3 10 16 14 15 19 16 28 46 28 
4 30 16 9 7 12 15 14 42 29 
5 60 14 13 13 19 12 14 49 34 
6 120 16 9 13 10 16 18 45 51 





Table 6. CsCl-EtBr density ultracentrifugation analysis of pooled 
fractions from neutral sucrose isopycnic density gradients. 
„ - Percent Distribution 
Sample Time  CCC  '  OCÿLin 
V Lux LI / 
vb NVC V NV 
1 3 (T)d 
e 
- 25 28 
2 5 (T) - - 23 26 
3 10 (T) - - 24 21 
4 30 (T) 37 32 23 20 
5 60 (T) 39 34 22 24 
6 120 (T) 42 38 24 30 




^Pooled fractions representing the region of free DNA obtained from neu¬ 
tral sucrose isopycnic density gradients. 
0 
No discernible band (region of radioactivity) separation from the main 
component (OC) in the gradient. 
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Twenty to thirty percent of the pulse-label counts were in the open cir¬ 
cular form and remained constant with time. These data are in agree¬ 
ment with the recircularization kinetics of R64drd11 observed in the 
free-DNA region of CsCl sucrose density gradients (Table 7). 
Alkaline Sucrose Gradient Analysis 
Since the replicating plasmid DNA co-sedimented (associated) with 
the FCC during conjugation (see Table 1), the kinds of molecules (i.e., 
unit length (UL), shorter then UL, or longer than UL) generated were ex¬ 
amined. Pulse-labeled and conjugally replicating plasmid DNA obtained 
from CLOS gradients were denatured and sedimented in alkaline sucrose 
gradients. Figure 8 shows the sedimentation profiles of plasmid frag¬ 
ments generated 3, 5, 10, 30, 60, and 120 min following initiation of 
the conjugal process. After 3, 5, and 10 min of mating, the majority 
of the pulse-labeled replicating plasmid intermediates were shorter 
than UL (70%). There was a gradual increase in the percentage of UL 
molecules (25%) 30 min following initiation of the conjugal process, 
with a small percentage of the molecules being longer or heavier than 
UL (10%) or perhaps circularized plasmid DNA. However, samples taken 
60 and 120 min after initiating the mating process revealed molecules 
longer or heavier than UL (15%) with 35% of the molecules representing 
UL. The remaining transferring DNA was shorter than monomers of R64drd11. 
CsCl-EtBr (Dye) Buoyant Density Gradient Analysis 
Pooled fractions of mating sample lysates from the membrane-bound 
and free DNA regions of CsCl-sucrose gradients were analyzed by 
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Table 7. CsCl-EtBr density ultracentrifugation analysis of pooled frac¬ 
tions from CsCl-sucrose double density gradients. 
Sample Time Percent Distribution 
(min) CCC OC/Lin 
1 3 (B)b 
d 
89 
2 3 (M)C - 85 
3 5 (B) — 80 
4 5 (M) - 74 
5 10 (B) — 87 
6 10 (M) - 74 
7 30 (B) _ 87 
8 30 (M) - 76 
9 60 (B) 10 83 
10 60 (M) - 75 
1 1 120 (B) 16 81 
12 120 (M) 74 
a 
See Materials and Methods, 
b 
Pooled fractions representing the region of free DNA obtained from 
CsCl-sucrose equilibrium gradients, 
c . . 
Pooled fractions representing the region of membrane-bound DNA obtain¬ 
ed from CsCl-sucrose equilibrium gradients. 
^No discernible band (region of radioactivity) separation from the main 
component (OC) in the gradient. 
Figure 8. Alkaline sucrose gradient sedimentation profiles of pulse- 
labeled plasmid DNA pooled from CLOS gradients. The donor 
cell DNA was pulse-labeled with [3H]-dThd during a 120 min 
incubation at 42 C with recipient cells. A = sedimentation 
region for longer and/or heavier than UL; B = sedimentation 
region for shorter than UL; 4- = sedimentation region for UL. 
Centrifugations were performed in 5 ml gradients at 35,000 
rpm for 100 min at 20 C. The gradients were calibrated with 
R64drd 1 1 plasmid DNA as sedimentation markers. Sedimentation 






























CsCl-EtBr buoyant density gradients to determine the kinetics of recir¬ 
cularization. Data in Table 7 illustrate that 60 and 120 min following 
the initiation of the conjugal process, 10 and 16%, respectively, of the 
pulse-label counts from the free DNA region, are recoverable as CCC 
molecules; whereas, no CCC molecules were detectable in pooled fractions 
from the membrane-bound DNA region. It was apparent, therefore, that 
replicating plasmid DNA bound to the membrane was either linear or open 
circular in structure. 
CHAPTER V 
DISCUSSION 
Conjugation is the transfer of a single linear plasmid DNA strand 
from a donor bacterium to a recipient where it is subsequently convert¬ 
ed to the normal double-strand form (Ohki and Tomizawa, 1968; Rupp and 
Ihler, 1968). The procedures used in this study allowed one to examine 
the replication of R64drd 1 1 plasmid DNA within the donor cell of E_. coli 
during conjugation. Donor cells, containing the R64drd11 plasmid mole¬ 
cule and a dnaB mutation, were incapable of producing the pre-primer 
protein coded for by the dnaB gene when cultured at 42 C; hence, the ab¬ 
sence of DNA replication (Fig. 1). Only when the donor cell participat¬ 
ed in the conjugal process did the plasmid molecule replicate as a con¬ 
sequence of transfer. To eliminate the possibility of incorporating 
radioactive label ([3H]-dThd) in the recipient cell, the author used 
recipient cells that contained the tdk mutation. In the presence of 
this mutation (tdk), exogenously supplied thymine or thymidine was not 
incorporated into the DNA. 
Archibold et al. (1978) reported that both replicating and non¬ 
replicating forms of R6K plasmid DNA in exponentially grown cells asso¬ 
ciated with the FCC. Whether the association for replicating plasmid 
DNA reported represents a generalized phenomenon for exponentially grown 
cells, as well as cells participating in the conjugal process is not 
clear. Data obtained in the present study by CLOS gradient analysis of 
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R64drd 1 1 plasmid DNA during exponential growth and conjugal transfer 
demonstrated co-sedimentation with the FCC. In the donor cell during 
the conjugal process, co-sedimentation was relatively constant; whereas, 
in the recipient cell (Butts, 1981) the percent co-sedimentation in¬ 
creased with time following initiation of conjugation. The appearance 
of covalently closed circular (CCC) molecules sedimenting at the top of 
the CLOS gradients suggested that in response to the 'conjugal replica¬ 
tion signal' non-transferring plasmid molecules replicate freely in the 
cytoplasm. Due to asynchronization of the mating culture, one can only 
speculate at this time. 
Cesium chloride-sucrose density analysis of the FCC region with 
co-sedimenting pulse-label counts clearly revealed that the cellular 
structure involved in complexing is the membrane (Davis and Henry, sub¬ 
mitted for publication). These data agree with the proposals of Jacob 
et al. (1963), Falkow et al. (1971), and Fenwick and Curtiss (1973a). 
Mating samples taken at the timed periods revealed that 80-90% of the 
conjugally replicating pulse-labeled R64drd11 plasmid DNA in the donor 
cell equilibrated in the membrane-bound DNA region of the CsCl-sucrose 
density gradient. This data suggest that the pulse-labeled molecules 
are membrane bound. In spite of these results, one cannot rule out 
plasmid sedimentation in the membrane-bound DNA region of the gradient 
as a consequence of chromosomal entrapment. 
Treatment of the FCC with RNase appeared to release both replica¬ 
ting and non-replicating forms of R6K to the same degree in exponentially 
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grown cells (Archibold et al., 1978). When the FCC of conjugally repli¬ 
cating R64drd 1 1 was treated with RNase (Davis, personal communication) 
there was no appreciable change, (i.e., no increase in freely sediment¬ 
ing molecules) ruling out the possible involvement of RNA molecules in 
the complexing phenomenon. However, the possibility still remains that 
a protein may be involved which binds the plasmid to a specific cellular 
site for the purpose of plasmid replication. Data are not provided to 
test protein involvement in the complexing phenomenon. 
Some time after 30 min following initiation of the conjugal pro¬ 
cess, CCC molecules were observed in the free DNA region of CsCl-sucrose 
gradients (Table 7). No CCC molecules were detectable in pooled frac¬ 
tions containing the membrane-bound DNA region. All membrane-bound DNA 
represented either linear or open circular molecules. The appearance 
of CCC molecules some time after 30 min following initiation of conju¬ 
gation was similar to the results reported by Falkow et al. (1971) us¬ 
ing R1 plasmid DNA in recipient cells. An interpretation of these re¬ 
sults suggests that during the conjugal process, the transferring plas¬ 
mid DNA has a specific association with the cell membrane. Further it 
is suggested that the replicated plasmid DNA, upon completion of the 
conjugal process, reforms its CCC structure free in the cytoplasm or 
bound to another structure. This concept is in agreement with the pro¬ 
posals of Fenwick and Curtiss (1973a) and Falkow et al. (1971). One 
can only speculate, at this time, that if the chromosome is involved 
sequence homology must be present for plasmid DNA complementation. 
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Fenwick and Curtiss (1973a) suggested, based upon their conjugal 
experiments where R64drd11 was transferred into mini cells, that trans¬ 
fer was a discontinuous cyclical process and occurred by means of a 
modified rolling circle model of replication. Mating samples analyzed 
in this study by alkaline sucrose gradients suggested that some time 
after 30 min of conjugation, replication is complete. The appearance 
of unit length molecules in the 60 min sample indicated that one strand 
of the plasmid molecule had been transferred to the recipient. Based 
on these results, the author speculates that there is a lag period be¬ 
fore a second round of transfer during which time circularization of the 
molecule occurs. 
In this study, separation of the cell envelope by neutral sucrose 
isopycnic density gradient centrifugation resulted in the recovery of 
pulse-labeled plasmid DNA on both the cytoplasmic (inner) and outer mem¬ 
branes. Wolf-Watz and Horqvist (1979) reported that 0.4% of the chromo¬ 
somal DNA is bound to the outer membrane. The percent pulse-labeled 
R64drd 1 1 plasmid DNA found co-sedimenting with the outer membrane ranged 
from 12-17%, and remained constant with time for all mating samples. 
The uniformity in pulse-label counts observed on both membranes could 
possibly have resulted from rearrangement and/or fusion of the membranes, 
in response to the mating signal, where they function simultaneously in 
preparation for plasmid DNA attachment, transfer and replication. These 
results suggest that the origin to transfer and replication reside on 
the outer membrane. 
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The author proposes a provisional model (Fig. 9; Davis and Henry, 
submited for publication) to explain the relationship between associ¬ 
ation, replication and transfer of R64drd11 plasmid DNA. In this scheme, 
upon the establishment of mating pairs the plasmid molecule is nicked 
and attached to the outer membrane for primer molecule synthesis (Fig. 
9B). Once transfer begins, there is a rearrangement (fusion) of the 
donor cell envelope, promoting attachment of the replicating plasmid 
DNA to the inner membrane (Fig. 90. After recircularization, the mem¬ 
brane reassumes its original configuration (Fig. 9B). The proposed 
model takes into account: (1) The pulse-label counts observed on both 
inner and outer membranes following neutral sucrose isopycnic gradient 
analysis; (2) the CCC molecules present in the free DNA region of the 
CsCl-sucrose gradient; and (3) the longer than unit length molecules 
present some 30 min after the initiation of conjugation. 
Figure 9. Proposed mechanism for donor cell conjugal transfer replica¬ 
tion. Plasmid DNA is associated to the inner membrane (i) by 
chromosome entrapment or specificity (A). Upon establishment 
of mating pairs or aggregates and in response to the mating 
signal, the plasmid molecule is nicked and attaches to the 
outer membrane (0) for primer molecule synthesis (B). As the 
open circular molecule begins transfer, passage through the 
inner membrane signals rearrangement of the donor cell en¬ 
velope (fusion) at the site of transfer (C) to facilitate 
rapid transport into the recipient cell (D). Once transfer 
is complete, the membranes reassume the original configura¬ 
tion and recircularization occurs (E). 
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CHAPTER VI 
SUMMARY AND CONCLUSIONS 
The relationship between conjugally transferring R64drd11 plasmid 
DNA and its replication template in the donor cell was examined. The 
donor cell contained the dnaB mutation and was incapable of DNA repli¬ 
cation at the restricted temperature of 42 C. The recipient cell con¬ 
tained the dnaB70 and tdk mutations and was incapable of incorporating 
exogenously supplied thymine or thymidine due to a lack of deoxythymi- 
dine kinase activity. The purpose of this investigation was to deter¬ 
mine: (1) Whether there is association of replicating R64drd11 plasmid 
DNA to the FCC during exponential growth and conjugal transfer; (2) to 
which structure (chromosome and/or membrane) is R64drd1 1 associated; 
and (3) the specificity of this association. 
In the donor cell R64drd11 plasmid DNA co-sedimented with the FCC 
during exponential growth and conjugal transfer. CsCl-sucrose gradient 
analysis revealed that the structure involved in this association was 
in fact the membrane. Pre- and/or pulse-labeled counts were found asso¬ 
ciated with both the inner and outer membranes. Upon analysis by alka¬ 
line sucrose gradients, replicating intermediates shorter than unit 
length were detectable in the donor following initiation of the conjugal 
process up to 30 min. Some time after 30 min unit length and molecules 
in excess of unit length were detectable. Covalently closed circular 
(CCC) duplex plasmid DNA appeared some time after 30 min of conjugation. 
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Based upon the results obtained it was concluded that: (1) Attach¬ 
ment (association) is essential for replication, circularization and 
transfer of R64drd 1 1 from donor to recipient cells; (2) the membrane is 
the preferential structure for plasmid replication and transfer; (3) the 
inner and outer membranes play separate but equal roles in this complex 
phenomenon; (4) approximately 30 min is required for one round of con¬ 
jugal replication and transfer. 
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